In pituitary gonadotrophs, GnRH induces expression of the mitogen-activated protein kinases (MAPK3/1) dephosphorylating enzyme, dual-specificity phosphatase 1 (DUSP1). Here we examined DUSP1 expression levels following pulsatile GnRH stimulation of the LbetaT2 gonadotroph cells. DUSP1 expression was increased more prominently following high-frequency (every 30 min) GnRH pulse stimulation (7.02-6 1.47-fold) than low-frequency (every 120 min) GnRH pulses (2.68-6 0.09-fold). With high-frequency GnRH pulses, DUSP1 expression increased by 2.89-6 0.32-fold 2 h after GnRH pulse initiation (four 5-min pulses). DUSP1 expression was not induced following lower frequency GnRH pulses, even when the GnRH concentration was increased. Under high-frequency conditions, MAPK3/1 phosphorylation was observed 10 min after the GnRH pulse and decreased to basal levels after 25 min. However, MAPK3/1 dephosphorylation did not occur concurrently with DUSP1 expression. Overexpression of MAP3K1, a kinase upstream of MAPK3/1, increased both the Lhb and the Fshb subunit promoter activities, which could be completely inhibited by cotransfection with DUSP1-expressing vectors. Serum response factor (Srf) promoter activities induced by MAP3K1 were also prevented by DUSP1 overexpression, confirming that MAPK3/1 has an important role in gonadotropin subunit gene expression. Both high-and low-frequency GnRH pulse stimulation failed to increase the Lhb and Fshb subunit gonadotropin gene expression levels upon DUSP1 overexpression. Our study demonstrates that DUSP1 is specifically expressed following high-frequency GnRH pulses and that this effect may participate in the differential regulation of gonadotropin subunit expression in association with MAPK3/1 phosphorylation.
INTRODUCTION
Reproductive functions in mammals are regulated largely by the gonadotropins, luteinizing hormone (LH) and folliclestimulating hormone (FSH). Gonadotropins are synthesized and secreted by gonadotrophs in the anterior pituitary gland, which is under GnRH regulation. GnRH-dependent gonadotropin gene expression regulation is initiated upon GnRH binding to the seven-transmembrane GnRH receptor domain at the gonadotroph surface. GnRH couples with the Gq protein, which subsequently activates several signaling pathways, including those involving phospholipase C, calcium, and protein kinase C (PKC) [1] [2] [3] . PKC ultimately activates mitogen-activated protein kinase 3/1 (MAPK3/1), a member of the mitogen-activated protein kinase (MAPK) family [4] . Activation of MAPK family proteins such as MAPK3/1, c-Jun N-terminal kinase, p38 MAPK, and MAPK7 has been reported to mediate GnRH-induced gonadotropin subunit expression [5] [6] [7] [8] [9] . GnRH also couples with Gs protein to increase cAMP accumulation [10] .
Dual-specificity phosphatase 1 (DUSP1) is a phosphatase that dephosphorylates threonines and/or tyrosines of client proteins. DUSP1 is a type I DUSP that inactivates MAPK3/1 through dephosphorylation [11] . Activation of the MAPK3/1 (also called p42/p44 MAPK) cascade is also known to promote induction of DUSP1 activity, which then attenuates MAPK3/1-dependent events [12] . Thus, DUSP1 regulates MAPK signaling and its targets through a negative feedback control mechanism [13] [14] [15] . In pituitary gonadotrophs, DUSP1 expression is induced by GnRH and affects MAPK3/1 activation as well as its target proteins [16] .
GnRH is released from the hypothalamus in a pulsatile manner, in which the pulse pattern varies physiologically as a function of hormonal status and reproductive cycle stage [17] . Changes in GnRH pulse frequency have been shown to differentially regulate gonadotropin subunit gene expression [18] . In the immortalized murine pituitary gonadotroph-derived cell line LbT2, rapid GnRH pulses delivered at 30-min intervals maximally stimulate expression of the Lhb gene, whereas less frequent GnRH pulses at 2-h intervals preferentially stimulate expression of the Fshb gene [19, 20] . Various GnRH pulse frequencies have also been shown to affect expression of other gonadotropin genes, including GnRH receptor (GnRHR), follistatin, inhibin, and PACAP receptor (PAC1R) [20] [21] [22] [23] [24] , although how GnRH pulse frequency determines the specificity of gonadotropin subunit gene expression is unclear.
Previous studies have compared the GnRH-induced signaling patterns seen for different GnRH pulse frequencies. Kanasaki et al. [25] showed that various frequencies of GnRH pulses activated MAPK3/1 to different levels in perifused LbT2 cells, where high-frequency conditions transiently activated MAPK3/1 after the GnRH pulse, with MAPK3/1 activity returning immediately to prepulse levels, whereas lower GnRH pulse frequencies activated MAPK3/1 more rapidly, and this activation was sustained due to a lower rate of MAPK3/1 dephosphorylation. In separate experiments, we demonstrated that upon pulsatile GnRH stimulation, DUSP1 expression was observed following high-but not lowfrequency GnRH pulses [16] , suggesting that DUSP1 may have physiological functions that determine GnRH pulse frequency-dependent differential stimulation of Lhb and Fshb gene expression levels in gonadotrophs.
Based on previous results showing the GnRH pulse frequency-dependent regulation of Lhb, Fsh, and DUSP1 expression and the pattern of MAPK3/1 activation, we sought to investigate the relationship of high-and low-GnRH pulse frequency-mediated DUSP1 expression and MAPK3/1 activation and how gonadotropin subunit gene expression is regulated.
MATERIALS AND METHODS

Materials
The following chemicals and reagents were obtained from the indicated sources: GnRH, Dulbecco modified Eagle medium (DMEM), and penicillinstreptomycin were from Sigma Chemical Co. (St. Louis, MO); fetal bovine serum (FBS) and trypsin were from Gibco (Invitrogen, Carlsbad, CA); antiphosphorylated MAPK3/1 mouse monoclonal immunoglobulin G (IgG), anti DUSP1 rabbit polyclonal IgG and anti-MAPK3/1 rabbit monoclonal antibodies, and horseradish peroxidase (HRP)-conjugated secondary antibody were from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA); and Matrigel was from Becton Dickinson (Labware, Bedford, MA).
LbT2 Cell Culture and Perifusion System
The perifusion system used in this study was designed in Dr. Ursula Kaiser's laboratory (Brigham and Women's Hospital, Boston, MA) and has been described previously [19] . Briefly, LbT2 cells (kindly provided by Dr. P. Mellon, University of California, San Diego, CA) were plated in perifusion chambers mounted on glass slides, which were previously coated with Matrigel. The cells were then incubated for 24 h in high-glucose DMEM containing 10% heat-inactivated FBS and 1% penicillin-streptomycin at 378C in a humidified atmosphere of 5% CO 2 . The chambers were then mounted in the perifusion system and continuously perifused with high-glucose DMEM containing 1% heat-inactivated FBS and 1% penicillin-streptomycin at a constant flow rate of 0.25 ml/min. During perifusion, cells were treated with either medium alone or with 10 nM pulsatile GnRH at either a high frequency (one pulse, 5-min flow every 30 min) or a low frequency (one pulse, 5-min flow every 2 h) for the indicated times. GnRH pulses were delivered by a set of peristaltic pumps controlled by a time controller (Chrontrol XT; Chrontrol Corp., San Diego, CA).
In static culture experiments, LbT2 cells were plated in a 35-mm culture dish in high-glucose DMEM supplemented with 10% heat-inactivated FBS and 1% penicillin-streptomycin at 378C in a humidified atmosphere of 5% CO 2 in 95% air [25] . After the indicated times, the culture medium was changed to high-glucose DMEM containing 1% penicillin-streptomycin and 1% inactivated FBS and incubated for the indicated times.
Transfection and Luciferase Assay
The reporter constructs used were generated by fusing nucleotide sequence À797 to þ5 of the rat Lhb gene (Lhb-luc plasmid) or nucleotide sequence À2000 to þ698 of the rat Fshb gene (Fshb-luc plasmid) to the firefly luciferase cDNA in pXP2, as previously described [25] . The DUSP1 gene was inserted into the pWay21 enhanced green fluorescent protein vector backbone. This construct was provided by Dr. Anton Bennett, Yale University, and obtained from Addgene (plasmid 13469; Addgene, Cambridge, MA). Cells were transiently transfected by electroporation with 2 lg of the Lhb-luc or Fshb-luc plasmid and 0.1 lg per dish/chamber of pRL-TK (Promega, Madison, WI) containing Renilla luciferase. In some experiments, cells were cotransfected with 1.0 lg/dish MAP3K1 expression vector, 4.0 lg per dish/chamber of DUSP1 expression vector, and 2.0 lg/dish serum response factor (Srf)-luc as indicated. After incubation with DMEM, cells were washed with ice-cold phosphate-buffered saline (PBS) and lysed with a passive lysis buffer (Promega). Cell debris was pelleted by centrifugation at 20 600 3 g at 48C, and firefly luciferase and Renilla luciferase activities were measured in the supernatant with a dual-luciferase reporter assay system (Promega) using a luminometer (model TD-20/20; Promega) according to the manufacturer's protocol. Luciferase activity was normalized for Renilla luciferase activity to correct for transfection efficiency.
Western Blot Analysis
LbT2 cells were rinsed with PBS, lysed on ice with radioimmunoprecipitation assay buffer (PBS, 1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS]) containing 0.1 mg/ml phenylmethylsulfonyl fluoride, 30 mg/ml aprotinin, and 1 mM sodium orthovanadate, and then scraped for 20 sec and centrifuged at 20 600 3 g for 10 min at 48C. The protein concentration was measured in the cell lysates by using the Bradford method of protein quantitation. Denatured protein (5 lg) per well was separated on a 10% SDSpolyacrylamide gel according to a standard protocol. Protein was transferred onto polyvinylidene difluoride membranes (Hybond-P; Amersham Biosciences, Little Chalfont, U.K.), which were blocked for 2 h at room temperature in blotto (5% milk in Tris-buffered saline [TBS] ). Membranes were incubated with either anti-DUSP1 antibody (1:100 dilution) or phosphorylated MAPK3/1 antibody (p-MAPK3/1) (1:250 dilution) in blotto overnight at 48C and washed three times for 10 min per wash with TBS-1% Tween. A subsequent incubation with monoclonal HRP-conjugated antibody was carried out for 1 h at room temperature in blotto, and the appropriate additional washes were performed. Following enhanced chemiluminescence detection (Amersham Biosciences, Little Chalfont, U.K.), membranes were exposed to x-ray film (Fujifilm, Tokyo, Japan). After being strip washed (Restore buffer; Pierce Chemical Co., Rockford, IL), membranes were reprobed with MAPK3/1 antibody (1:10 000 dilution) for 1 h at room temperature, followed by incubation with HRPconjugated secondary antibody and continuation of the procedure as described above. Films were analyzed by densitometry, and the intensities of either DUSP1 or p-MAPK3/1 were normalized to those of total MAPK3/1 to correct for protein loading.
Statistical Analysis
All experiments were independently repeated at least three times. Each experiment was performed with triplicate samples or duplicate samples (for some Western blot experiments) in each experimental group. Values are expressed as means 6 SEM. Statistical analysis was performed using the Student t-test or repeated analysis of variance, followed by the Dunnett test or Newman-Keuls test for multiple comparisons. A P value of ,0.05 was considered statistically significant.
RESULTS
Effect of Pulsatile GnRH Stimulation on DUSP1 Expression
We previously demonstrated that after 12 h of exposure to GnRH pulses, DUSP1 was expressed following high-frequency pulsatile GnRH stimulation but not after low-frequency GnRH pulses [16] . Here, we again confirmed the frequency-dependent induction of DUSP1 expression by pulsatile stimulation of GnRH. Cells were stimulated with pulsatile GnRH (10 nM, 5 min per pulse) at a frequency of one pulse every 30 min (highfrequency pulse) or one pulse every 2 h (low-frequency pulse) for 16 h. DUSP1 expression was increased predominantly following high (7.02-6 1.47-fold) rather than low (2.68-6 0.09-fold) frequency GnRH pulse stimulation (Fig. 1) .
Induction of DUSP1 Protein Expression Following High-Frequency GnRH Pulses
As the DUSP1 protein was expressed mainly after highfrequency GnRH pulse stimulation, we further examined the time course of DUSP1 expression upon GnRH pulse stimulation. For high-frequency stimulation, eight GnRH pulses were delivered over 4 h, while lower frequency stimulation exposed cells to two GnRH pulses. Samples were collected at the indicated times as shown in Figure 2A . DUSP1 protein expression was observed 2 h after the start of highfrequency GnRH pulses (four GnRH pulses) and was increased by 2.89-6 0.32-fold, while at 4 h (eight GnRH pulses), the expression was 3.45-6 0.61-fold greater than the baseline (Fig. 2B ). Four hours after 10 nM GnRH pulses were initiated, DUSP1 expression induction was not observed under lowfrequency pulse stimulation conditions (two 5-min flows of GnRH pulses within 4 h, one pulse every 120 min) (Fig. 2C,  left panel) . To examine the possibility that the total amount of GnRH affects DUSP1 expression induction, a 4-fold and 10-fold greater GnRH concentration (40 nM and 100 nM, DUSP1 INDUCTION BY PULSATILE GnRH STIMULATION respectively, 5 min per pulse) was applied for each pulse. When two high-concentration GnRH pulses were delivered over 4 h (i.e., low-frequency pulse stimulation), DUSP1 protein expression was not observed. As with 10 nM GnRH pulse stimulation, DUSP1 expression was detected only with highpulse frequency, even when the higher GnRH concentration (Fig. 2C , middle and right panels) was used.
MAPK3/1 Phosphorylation and Induction of DUSP1 Expression by Higher Frequency Perifused GnRH Pulses
As DUSP1 is known to dephosphorylate MAPK3/1, we next examined the relationship between MAPK3/1 activation and DUSP1 induction in perifused cells exposed to pulsatile GnRH stimulation. Using the perifusion system, we stimulated cells with one 10 nM GnRH pulse every 30 min. Cells were harvested just before GnRH pulse administration and at 10 and 25 min after the point at which the first pulse (Fig. 3A) was delivered and after the eighth pulse was delivered at 4 h (Fig.  3B) . We chose the 4-h time point based on our finding that DUSP1 expression is optimally induced after 4 h of highfrequency GnRH pulse stimulation. MAPK3/1 phosphorylation occurred 10 min after GnRH pulse initiation and rapidly decreased to basal levels within 25 min of delivering the first pulse. The patterns of MAPK3/1 phosphorylation induced by each pulse of GnRH at 1 h and 4 h were similar (Fig. 3, C and  D) . In contrast, a single GnRH pulse did not induce DUSP1 expression after either 10 or 25 min (Fig. 3C) . As shown before, DUSP1 induction was seen 4 h after GnRH pulse stimulation was begun, and the protein levels were not changed immediately before and after the pulse (Fig. 3D) .
Effect of DUSP1 Overexpression on MAP3K1-Activated Gonadotropin Subunit Promoter Activity
GnRH-induced activation of MAPK3/1 is known to be involved in gonadotropin subunit gene expression [5] [6] [7] [8] . MAP3K1, a kinase upstream of MAPK3/1 in the MAPK pathway, exerts its effect on the downstream MAPK3/1. To explore the role of MAP3K1 in GnRH-dependent MAPK3/1 activation, we transiently transfected LbT2 cells with pFC-MAP3K1 plasmid vectors to overexpress constitutively active MAP3 kinase 1 (MAP3K1). Following MAP3K1 transfection, the promoter activity levels for both Lhb and Fshb expression were significantly increased, by 4.32-6 1.00-fold and 2.81-6 0.51-fold, respectively, in the absence of GnRH stimulation (Fig. 4, A and B) . Cotransfection of LbT2 cells with DUSP1 overexpression vectors completely eliminated the effect of MAP3K1 on both gonadotropin subunit promoter activities (Fig. 4, A and B) .
Effect of DUSP1 Overexpression on MAP3K1-Induced Srf Promoter Activities
The serum response factor (Srf) gene is a DNA domain in the promoter region that binds MAPK3/1-mediated transcription factors [26] . We transiently transfected LbT2 cells with pFC-MAP3K1 plasmid vectors to overexpress constitutively active MAP3K1, together with pSrf-luc, which has five tandem repeats of Srf upstream of the TATA box of the firefly luciferase gene, and the effects of DUSP1 overexpression on MAP3K1-induced Srf promoter activity were examined. In transfected LbT2 cells, MAP3K1 directly exerted its effect and increased Srf promoter activity dramatically by 144.88-6 17.89-fold. Overexpression of DUSP1 completely inhibited the effect of MAP3K1 on Srf promoters (Fig. 5) . These results confirm that DUSP1 deactivates the MAPK3/1 pathway and subsequently disables its downstream targets.
Effect of DUSP1 Overexpression on Gonadotropin Promoter Activities Induced by Pulsatile GnRH
We previously showed that DUSP1 overexpression inhibited GnRH-induced gonadotropin promoter activities in static culture [16] . When DUSP1 was present in excess, MAPK3/1 was dephosphorylated, which reduced its effect on gene expression. In this study, we investigated how DUSP1 affects gonadotropin promoter activities in perifused cells that were stimulated with pulsatile GnRH. Five-minute pulses of 10 nM GnRH were delivered to perifused cells every 30 and 120 min for high-and low-frequency stimulation, respectively, to examine Lhb and Fshb subunit promoter activities. In the absence of the DUSP1 expression vector, GnRH pulsatile stimulation increased both the Lhb and the Fshb promoter activities as expected (Fig. 6, A and B) . In the presence of DUSP1, however, GnRH pulses failed to increase Lhb and Fshb promoter activities (Fig. 6, C and D) . This result is in agreement with that in our prior static study, wherein DUSP1 overexpression inhibited pulsatile GnRH-induced gonadotropin subunit promoter activities [16] .
FIG. 1. Induction of DUSP1 protein by pulsatile GnRH stimulation is
shown. A) LbT2 cells were plated in perifusion chambers and stimulated with vehicle (control) or pulsatile GnRH (10 nM, 5-min flow per each pulse) at a frequency of one pulse every 30 min (high frequency) or one pulse every 2 h (low frequency) for 16 h, followed by the harvesting and collection of cell lysates. Cell lysates (5 lg) were then subjected to SDS-PAGE, followed by Western blotting and incubation with antibodies against DUSP1 and total MAPK3/1. Protein bands were detected at 40 kDa for DUSP1 and at 44/42 kDa for MAPK3/1. The visualized bands were quantified by scanning densitometry using National Institutes of Health image software and normalized to total MAPK3/1. The results were expressed as the fold increase over control and are presented as means 6 SEM. We repeated the experiment at least three times with similar results, and representative results are shown. ** P , 0.01 vs. control.
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DISCUSSION
The gonadotropins LH and FSH play important roles in regulating hormonal output to maintain normal gonadal functions. GnRH secretion frequency varies during the menstrual cycle, as well as during the estrous cycle, and the pattern of GnRH secretion is a critical factor for controlling differential gonadotropin synthesis and secretion. GnRH is secreted at a relatively high frequency in the preovulatory LH surge and slows during the early follicular phase to allow FSH release [27] . Although continuous exposure to GnRH desensitizes gonadotrophic cells, which causes decreased LH and FSH secretion [28] , pulsatile GnRH induces follicular development and ovulation by increasing LH and FSH levels [29] .
The MAPK3/1 pathway mediates, at least in part, GnRHinduced gonadotropin subunit gene expression [6, 25, 30] . MAPK3/1 activity levels are determined by the balance of stimuli from activating kinases, such as MAP3K1, and inactivating phosphatases. DUSP1 is a dual-specificity phosphatase that inactivates MAPK3/1 and is a product of growth factor-induced early response gene [31] [32] [33] . We recently reported that DUSP1 expression occurred in response to GnRH stimulation simultaneously with MAPK3/1 dephosphorylation [16] . We also noted that with pulsatile stimulation, DUSP1 expression was observed following high-but not lowfrequency GnRH pulses. In the present study, we expanded upon these findings by examining the mechanisms of DUSP1 expression induced by high-frequency GnRH pulses and the role of MAPK3/1 in regulating gonadotropin subunit gene expression.
It is well known that GnRH is released from the hypothalamus in a pulsatile manner and that changes in FIG. 2 . Time course DUSP1 expression following high-frequency pulses delivered to 10 nM GnRH is shown. LbT2 cells were plated in perifusion chambers and stimulated with pulsatile GnRH (10 nM, 5-min flow per each pulse) at a frequency of one pulse every 30 min as indicated (A). Samples were collected at the indicated times and assayed for DUSP1 expression (B). C) DUSP1 expression is shown after exposure to 10 nM GnRH and higher (40 nM and 100 nM) doses of pulsatile GnRH stimulation. The indicated concentrations of GnRH were delivered in either high-frequency (one 5-min flow every 30 min) or low-frequency (every 120 min) pulsatile fashion for 4 h. All experiments were followed by harvesting and collecting of cell lysates. Cell lysates (5 lg) were then subjected to SDS-PAGE followed by Western blotting and incubation with antibodies against DUSP1 and total MAPK3/1. Protein bands were detected at 40 kDa for DUSP1 and 44/42 kDa for MAPK3/1. The visualized bands were quantified by scanning densitometry using National Institutes of Health image software and normalized to total MAPK3/1 (B). Results are expressed as the fold increase over control and are presented as means 6 SEM. We repeated the experiment at least three times with similar results, and representative results are shown. ** P , 0.01 vs. control.
DUSP1 INDUCTION BY PULSATILE GnRH STIMULATION
frequency are observed during the menstrual cycle as well as the estrous cycle in vivo. To examine the contribution of pulse frequency in DUSP1 induction, current experimental models were applied. Following pulsatile GnRH treatment for 16 h, DUSP1 expression was predominantly increased in response to high-frequency GnRH pulse stimulation in LbT2 cells (Fig. 1) . We have shown that four to eight GnRH pulses with appropriate intervals (high frequency) were required for DUSP1 induction. DUSP1 expression was observed after 2 h and more strongly 4 h after high-frequency GnRH pulse initiation (Fig. 2B) , at which time cells were exposed to four and eight pulses of GnRH, respectively. After 16 h of treatment with lower GnRH pulse frequencies, where cells received only eight GnRH pulses, DUSP1 protein was expressed but at much lower levels than those produced by high-frequency GnRH stimulation. Previously we showed that for a 12-h treatment with either high or low GnRH pulse frequencies, DUSP1 expression was observed only upon high-frequency GnRH pulse stimulation [16] . In the late follicular phase of reproductive females, during which GnRH is released at relatively high frequency, DUSP1 might be induced and highly expressed in their pituitary gonadotrophs. As cells received six GnRH pulses in 12 h when low-frequency pulses were administered, and as four GnRH pulses could induce DUSP1 expression with high-frequency GnRH pulses (2-h stimulation), the total number of GnRH pulses may be necessary but not sufficient to induce DUSP1 protein expression. The number of pulses in high-frequency treatment is four times more than that in low-frequency treatment (1 pulse per 30 min versus 1 pulse per 120 min). Forty nanomolar was chosen to adjust the total GnRH to which the cells were exposed in high and low frequencies of GnRH pulses. To examine the contribution of the total GnRH on DUSP1 expression, we exposed the cells treated with low frequency to a concentration that was four times higher. These 40 nM GnRH pulses failed to induce DUSP1 expression in 4 h with low-frequency GnRH pulse stimulation (two pulses), suggesting that the higher GnRH concentration was not sufficient to induce DUSP1 protein expression. We performed an additional experiment to strengthen this result by using 100 nM GnRH (Fig. 2C) , and the same pattern of DUSP1 expression was observed in the high-frequency group. We also tried the experiment using 1 lM GnRH, but apparently this concentration was toxic for the cells, causing cell death during stimulation. These results indicate that both the number of GnRH pulses and the high frequency with which they are delivered are more important than concentration in terms of DUSP1 expression induction.
In our previous report, we showed that while DUSP1 expression required MAPK3/1 activation, it occurred simultaneously with MAPK3/1 dephosphorylation in static culture   FIG. 3 . DUSP1 expression and MAPK3/1 phosphorylation by high-frequency pulsatile GnRH stimulation are shown. LbT2 cells were plated in perifusion chambers and stimulated with pulsatile GnRH (10 nM, 5-min flow each pulse) at a frequency of one pulse every 30 min. Cells were harvested and lysates were collected at indicated time points (A and B). Samples were collected just before GnRH pulse administration and at 10 and 25 min after the point at which the first pulse (C) was delivered and after the eighth pulse was delivered at 4 h (D). Each sample was assayed for MAPK3/1 phosphorylation and DUSP1 expression by Western blotting. Protein bands were detected at 40 kDa for DUSP1 and 44/42 kDa for p-MAPK3/1 as well as total MAPK3/1. We repeated the experiment at least three times with similar results, and representative results are shown.
[16], which is consistent with the role of DUSP1 as a MAPK3/1 dephosphorylating enzyme. However, with pulsatile GnRH stimulation, the relationship between MAPK3/1 and DUSP1 differs. Following high-frequency GnRH pulse stimulation in LbT2 cells, MAPK3/1 was phosphorylated 10 min after the first pulse but declined to basal levels within 25 min, which is before the time at which DUSP1 expression was first observed (Fig. 3C ). MAPK3/1 was phosphorylated again 10 min after each subsequent GnRH pulse, which was followed by a similar decline in phosphorylation (Fig. 3D) . Although DUSP1 was already induced by 4-h stimulation with highfrequency GnRH pulses, DUSP1 expression did not coincide with the pattern of MAPK3/1 activation/deactivation, which occurred at each time point regardless of DUSP1 accumulation. We assumed that endogenous DUSP1 protein induced by GnRH pulse stimulation does not have an ability to dephosphorylate MAPK3/1 completely but does modulate its pattern of phosphorylation by pulsatile GnRH stimulation. Previous studies have demonstrated that with low-frequency GnRH pulses, MAPK3/1 phosphorylation occurred more rapidly, was sustained for a longer time period, and decreased more slowly, which would allow additional time for phosphorylated MAPK3/1 to translocate to the nucleus and affect transcription. With high-frequency GnRH pulses, MAPK3/1 phosphorylation returned to a basal level more rapidly [25] . This phenomenon is explicable by our current observation that DUSP1 induction produced by low-frequency GnRH pulses is less robust than that seen for high-frequency pulses. DUSP1 induction by GnRH involved MAPK3/1 activation [16] , and the repeated MAPK3/1 activation seen for high-frequency GnRH pulses might be necessary for DUSP1 induction in a perifused cell setting. This DUSP1 expression at highfrequency GnRH stimulation is probably the negative feedback that returns MAPK3/1 phosphorylation to basal level sooner.
Low-frequency GnRH pulses are well known to markedly upregulate Fshb subunit gene expression, while higher frequencies of GnRH pulses preferentially induce Lhb gene expression [18] . GnRH pulse frequency-dependent-specific Lhb and Fshb expression was also observed in LbT2 cells [19] . In this study, DUSP1 expression was observed predominantly following stimulation with high-frequency GnRH pulses (Fig.  1) . Considering the pulse frequency-dependent gonadotropin subunit expression, DUSP1 may thus be more closely associated with Lhb subunit gene expression than with Fshb expression. Consistent with previous observations that showed the involvement of MAPK3/1 activation in gonadotropin subunit gene expression [10, 34, 35] , overexpression of constitutively active MAP3K1 increased both Lhb and Fshb promoter activities. MAP3K1 activated both of the gonadotropin subunit promoters that were completely inhibited in the presence of exogenous DUSP1 expression (Fig. 4) . The fact that Srf luciferase activity (a known target of MAPK3/1) was increased by MAP3K1 but also completely abolished by DUSP1 (Fig. 5 ) allows the conclusion that DUSP1 plays a role in regulating gonadotropin subunit expression by negatively modulating MAPK3/1 activity. It is also possible that this observation occurred due to DUSP1 functioning as a protein sink that sequesters active MAP3K1. In signaling pathways, kinases are often sequestered by a protein antagonist in an After 48 h, the cells were preincubated in serum-free DMEM for 30 min and then a luciferase assay was performed to examine Srf promoter activities, which were then normalized to PRL-TK activity. The results are expressed as fold value stimulation over controls. Values are means 6 SEM of three independent experiments done with triplicate samples. ** P , 0.01 vs. control. The differences between the MAP3K1-only transfected group and the MAP3K1-plus-DUSP1-transfected group were statistically significant (P , 0.01).
inactive complex, making it an effective mechanism for repression [36] . However, considering our current observation that the high-frequency GnRH pulse modulated dephosphorylation pattern of MAPK3/1 in GnRH pulse stimulation and that DUSP1 overexpression inhibited the MAP3K1-induced Srf promoter and the gonadotropin subunit promoter, we hypothesized that DUSP1 functions as a phosphatase and affects gonadotropin subunit gene expression.
In this present study, we did not observe any difference in the effect of DUSP1 overexpression on gonadotropin Lhb and Fshb promoters by pulsatile GnRH stimulation. Lhb and Fshb promoter activity was stimulated by higher and lower frequencies of GnRH pulses, respectively, but both were significantly inhibited by overexpression of DUSP1 (Fig. 6) . The increase in GnRH-induced gonadotropin promoter activities in the perifusion setting was not as large as in static culture; however, the increase was evident, and the reporter gene method was used to see the immediate effect on GnRH because of its sensitivity in detecting changes at the promoter level. This phenomenon was not observed when DUSP1 was overexpressed. Previous studies have reported that GnRHstimulated Fshb gene expression in rat pituitary cells, as well as in common alpha (Cga)-subunit and GnRH-Receptor (Gnrhr), were MAPK pathway dependent, while the Lhb gene relied on a different intracellular pathway [37] . Based on these observations, we find that DUSP1 expression induced after high-frequency GnRH pulses might prevent Fshb transcription via decreased MAPK activity and would affect Lhb to a lesser extent. On the other hand, other studies have suggested that the MAPK pathway might play a role in GnRH regulation of Lhb expression [38] , as conditions under which MAPK3/1 is inhibited affected Lhb transcription to a greater extent than Fshb transcription [16] . In addition to DUSP1, other factors should be considered in order to understand the mechanisms responsible for the differential regulation of Lhb and Fshb activity by pulsatile GnRH. Follistatin is a key regulator of the hypothalamus-pituitary-ovary axis and is produced by both gonadotrophic and folliculostellate cells [39] . Activin stimulates the synthesis of FSH by direct action [40, 41] . Follistatin is known to decrease Fshb gene expression in association with activin by binding and bioneutralizing it [42] . As follistatin is preferentially increased in cells stimulated with higher frequency GnRH pulses [23] , these higher follistatin levels might prevent Fshb expression in favor of Lhb expression. Moreover, adenylate cyclase-activating polypeptide 1 (AD-CYAP1) and its receptors are also candidates that specifically regulate the gonadotropin subunit. ADCYAP1 is a multifunctional peptide produced in the hypothalamus and acts as a hypophysiotropic neurohormone [43] . ADCYAP1 is also produced within the pituitary gland and works as a paracrine/ autocrine factor [44] . We recently reported that Adcyap1 gene expression in LbT2 cells was increased predominantly by lower frequency GnRH pulses and that increasing concentrations of ADCYAP1 proportionately increased gonadotropin subunit expression levels [45] . The detailed mechanisms for GnRH pulse frequency-dependent Lhb and Fshb subunit gene expression remain complex and require further elucidation. However, studies of these peptides in conjunction with DUSP1 could help better define the pathways in question.
In the present study, we demonstrated the pattern of DUSP1 expression following pulsatile GnRH frequency stimulation and its relationship with MAPK3/1 phosphorylation. DUSP1 protein levels were preferentially increased in cells stimulated with higher frequency GnRH pulses, and the total amount of (A and B) , and incubated for 48 h. Cells were then exposed to 10 nM pulsatile GnRH stimulation or vehicle (for control) in high frequency (once every 30 min) for Lhb-luc group or in low frequency (once every 120 min) for Fshb-luc group for at least 12 h. We performed luciferase assays to examine Lhb and Fshb promoter activity, which was then normalized to PRL-TK activity and expressed as the fold value of activation over that of the unstimulated controls. We repeated the experiments at least three times, and the result shown represents the means 6 SEM (of independent experiments done with triplicate samples). * P , 0.05 vs. control; n.s., not statistically significant.
GnRH seems to be unimportant for this increase. As the MAPK3/1 pathway is strongly involved in gonadotropin subunit gene expressions, DUSP1 may participate in GnRH pulse frequency-dependent-specific expression of Lhb and Fshb expression by modulating MAPK3/1 activity.
